tered in deepwater areas when drilling into poorly consolidated geopressured sands (Figure 1 ). These sands, when flowing, can cause extensive damage to a borehole. More than $200 million has been lost to date for remediation and prevention of SWF problems in the Gulf of Mexico. Lately, this problem has also been a concern in many other deepwater clastic basins in the world.
SWF sands are known to occur in water depths of 450 m or more and typically 300-600 m below the mudline. They are known to be present in almost all deepwater ocean basins where the rate of sedimentation is high. Figure 2 shows the formation of SWF layers in a deepwater environment. Loose and unconsolidated sediments with a high rate of sedimentation characterize the overburden and low permeability seal is created by compacted shales or mudstones for which the rate of sedimentation is low. If isolated sand bodies are in this shale or mudstone, water from such bodies will not escape easily due to the presence of low-permeability sediments around them. In addition, the high rate of sedimentation from the overburden exerts an enormous pressure on these sediments, causing these isolated bodies containing large amounts of water to be overpressured. These overpressured SWF layers pose a threat to drilling, and their identification prior to drilling is therefore important in reducing risk. In this paper, we study the feasibility of detecting SWF layers using prestack waveform inversion of seismic data in conjunction with geologic analysis of stratigraphic sequences related to SWF zones.
Rock properties of SWF sediments.
In-situ measurements of elastic and other rock properties of SWF sediments are very limited because SWF layers are associated with very low sonic velocities. Measurement of such low velocities is difficult in a cased-hole environment (tool limitations), and open-hole logging under SWF conditions is hazardous. We therefore rely on the elastic property trends of regular sands and shales to determine the rock properties of SWF sands. In recent articles, Huffman and Castagna (2001) and Zimmer et al. (2002) reviewed the rock properties of SWF sediments based on laboratory measurements. These sediments lie in the transition zone between suspended materials in fluid and rocks around critical porosity.
These nearly unconsolidated sands exhibit low bulk densities and anomalously low P-and S-wave velocities (V P and V S ). With increasing pressure, they lose cohesion, causing V S to drop faster than V P . This causes V P /V S to increase and therefore the Poisson's ratio to increase. V P /V S of the order of 10 or higher (i.e., a Poisson's ratio of 0.49 or higher) is typical of these overpressured SWF sediments. Figure 3 summarizes some rock properties of SWF formations. Note that the high V P /V S and Poisson's ratio is a direct result of poor grain contact in these overpressured SWF sediments.
Seismic characterization of SWF. Seismic data has long been recognized as key to SWF detection prior to drilling. Several seismic methods are available for the detection of SWF zones. Geohazard or site-survey data provide high-resolution images at shallow depths where SWF typically occurs and are good for analyzing stratigraphic sequences. However, because these geohazard data use a very short cable length, they do not provide reliable velocity information or sufficient amplitude variation with offset (AVO) information to differentiate rock properties. Huffman and Castagna (2001) suggest using multicomponent data for Shallow water flow prediction using prestack waveform inversion of conventional 3D seismic data and rock modeling SUBHASHIS MALLICK and NADER C. DUTTA, WesternGeco, Houston, Texas, U.S. SWF detection. Although multicomponent seismic data provide an accurate estimate of V P , V S , and density, acquiring such data is expensive, especially in deepwater where hardware limitations prevent multicomponent technology to be extended to water depths in excess of 5000 ft (1500 m). For detection of SWF and quantification of its properties, we are therefore limited to conventional three-dimensional (3D) Pwave data acquired with a long cable.
Popular techniques for estimating rock properties from such conventional data are the AVO-based methods described by Ostrander (1984) , Rutherford and Williams (1989) , and Connolly (1999) among others. These attempt to fit an approximate form of P-wave reflection coefficient as a function of angle-of-incidence to the P-wave reflection amplitudes. AVO theory, however, assumes that reflection events on prestack P-wave data are primary reflections only and not contaminated by interference effects. Using synthetic data, Mallick (2001 Mallick ( , 2002 has demonstrated that such an assumption is valid for relatively small (usually less than 25°to 30°) incidence angles. At higher angles, other wavemodes such as mode-converted reflections and interbed multiple reflections interfere severely with P-wave primary reflections. As a result, application of AVO has so far only been successful at small angles of incidence, generally less than 25-30°. But, for accurate estimation of V P /V S and Poisson's ratio from P-wave seismic data, AVO information to angles higher than 25-30°is necessary. Because successful detection of SWF requires quantitative evaluation of V P /V S and Poisson's ratio, conventional AVO-limited to small angles of incidence-is not very useful.
Prestack waveform inversion (Sen and Stoffa, 1991, 1992; Stoffa and Sen, 1991; Mallick, 1995 Mallick, , 1999 ) offers a better solution because it uses an accurate forward modeling methodology for inverting prestack seismic data that accounts for interference of P-wave reflections with other wave modes. Consequently, these techniques can handle data to large angles-of-incidence and provide reliable estimates of V P and V S (and, in turn, V P /V S and Poisson's ratio). In this paper, we suggest an approach based on this prestack waveform inversion that allows us to quantify the rock properties of SWF formations using the entire offset range of conventional 3D seismic data. Further, the methodology uses geologic model building aimed at understanding the stratigraphic and structural control on SWF formations. Some of this material was previously discussed by de Kok et al. (2001) . Figure 4 shows a five-step approach to SWF identification. The first step requires best quality 3D seismic data with offsets large enough to provide incidence angles up to 40°or higher. For increased resolution, reprocessing the data at a 2-ms sampling interval with particular emphasis to the shallow target areas is desirable. Special care should be exercised with dynamic correction, amplitude preservation, and large offset handling. The mute function should be omitted or be as mild as possible.
Integrated approach for SWF detection.
The second step involves stratigraphic interpretation of the reprocessed and stacked data to outline potentially hazardous sand bodies. The third step, which confirms the potential for SWF identification prior to prestack inversion, is AVO analysis of the prestack data. The data volume is then visualized using conventional visualization platforms.
After AVO analysis and identification of potentially hazardous zones, prestack waveform inversion is carried out at selected locations. This is the fourth and most important step. For prestack inversion, we use the genetic algorithm (GA) based methodology developed by Mallick (1995 Mallick ( , 1999 which allows accurate estimates of V P , V S , and bulk density as functions of time and depth at the selected locations. The GA prestack inversion is an optimization algorithm that finds a suitable earth model by minimizing the misfit between observed and synthetic data traces. It should be noted that the GA uses an exact wave equation based forward modeling, which allows one to calculate all primary, multiple, and mode-converted reflections. Consequently, all interference or tuning effects due to thin layers, and transmission effects due to velocity gradients, are accurately modeled in the inversion process. Because GA uses a statistical optimization process in searching for the best-fit elastic model, it also generates a measure of the error bounds or uncertainties in the estimation of the earth model.
The fifth and final step deals with pore-pressure estimation using V P values derived from the GA inversion. The high-resolution V P field, obtained from the prestack GA inversion, provides more accurate pore pressure than that predicted from a conventional velocity analysis. Figure 5 illustrates a synthetic seismic data set created using a reflectivity-modeling algorithm developed by Mallick and Frazer (1987, 1990) . Figure 6 shows prestack GA inversion; the true model is black and the inverted model is red. We have used the V P , V S , and density trends for SWF sands from Figure 3 to represent the SWF layers in this synthetic example. Figure 5 shows that the SWF reflection is a strong negative reflection at zero offset. Reflection amplitudes increase with offset, change polarity at some intermediate offset, and finally become a strong positive reflection at large offsets. Such AVO behavior of SWF sands is exactly opposite to that of a class 1 gas sand reflection (Rutherford and Williams, 1989) . Also notice from Figure 6 that the prestack inversion estimated the input model to a reasonable accuracy.
Examples from real data. For tests on real data, we selected a 3D seismic data volume from the Gulf of Mexico (Mississippi Canyon area, offshore Louisiana) where SWF conditions are known to occur. The seismic volume encompassed the Ursa development site (blocks 809, 810, 853 and 854) around well MC-854 2. We reprocessed the seismic data at a 2-ms sampling interval for high-resolution trace inversion. A stacked section, reprocessed at 2 ms, is shown in Figure 7 . Well MC 854 2 is indicated with markers at the three known SWF levels. Notice that the reflection strength of the SWF sands is weak, often making them less visible than other sands. This is because the SWF reflections on the prestack data have a polarity reversal around 30°, and summing the negative and positive reflections tends to weaken the reflection strength on the stacked data. Figures 8 and 9 show the results of prestack inversion. Figure 8 compares observed prestack data with synthetic data computed using the inverted elastic earth model. Figure 9 shows the P-to-Swave velocity ratio, V P /V S , estimated from inversion. Note that the high values of V P /V S obtained from the prestack inversion matched closely with the zones where SWF layers were experienced during drilling.
Figures 10-12 show another example from the same area. Figure 10 shows the stacked section along with the well location and identified SWF zones. Figure 11 compares observed and synthetic data. Figure 12 is V P /V S obtained from inversion. Once again, the anomalously high V P /V S values correlated quite well with known SWF formations. Discussion and conclusion. Prestack waveform inversion of conventional 3D seismic data with long offsets can yield quantitative information about the rock parameters associated with SWF formations prior to drilling. These formations have an anomalously high V P /V S , often causing 
Figure 10. Stacked section from another area around the Ursa site. The well located on this section is indicated with its known SWF problems.
polarity reversals at large offsets. Of course, the success not only depends on data quality and the choice of the discriminator, but also, and possibly more importantly, on the inversion method being used. In contrast to traditional inversion algorithms, a full waveform prestack inversion is designed to obtain both low and high frequency velocity variations through the simultaneous modeling of moveout and elastic reflection amplitudes. In addition, such an inversion correctly handles the interference of primary reflections with other wave-modes, leading to an accurate elastic earth model to a resolution of 1/6th to 1/4th wavelength of the dominant seismic frequency (Mallick et al., 2000) . Application of prestack waveform inversion is therefore the key to success of SWF detection at the Ursa well sites.
The success at Ursa does not automatically imply that it is always possible to use prestack waveform inversion in detecting the SWF sands. Note that the SWF reflections exhibit a characteristic AVO behavior ( Figure 5 ). The success of SWF detection therefore depends on how well such a characteristic AVO behavior is present on real data. In the case of Ursa, reflections from SWF sands exhibited this AVO characteristic quite well and, consequently, were successfully detected by prestack inversion. Note that such typical reflection behavior depends on the elastic properties of the SWF layers and on those of the shale/mudstone formations that surround the SWF sands (Figure 2) . Although the SWF sands are believed to have V P of 1500-1800 m/s and low V S such that V P /V S is between 3.5 and 10, elastic properties of the shale/mudstone formations can vary quite widely from one ocean basin to another. Depending on the elastic properties of these formations, the reflection characteristics from SWF layers are also likely to vary.
In addition, although identification of SWF is sensitive to V P /V S , reflection amplitudes on seismic data as functions of offset/angle-of-incidence are more sensitive to Poisson's ratio rather than the V P /V S (Koefoed, 1955 (Koefoed, , 1962 Bortfeld, 1961; Shuey, 1985) . Poisson's ratio and V P /V S are related to one another, and one can be derived from the other ( Figure  13 ). For a typical shale/gas sand reflection, the Poisson's ratio of shale is of the order of 0.35 while that of gas sand is of the order of 0.1 (Mavko et al, 1998) . This corresponds to a V P /V S of shale of about 2 and that for gas sand of 1.5. On the other hand, SWF sands can have Poisson's ratio between 0.46 and 0.49. This corresponds to a V P /V S between 3.5 and 10. The Poisson's ratio of the shale/mudstone, surrounding the SWF sand can have Poisson's ratio between 0.35 and 0.44, corresponding to V P /V S values between 2 and 3 (de Kok et al, 2001) . Notice that SWF reflections are characterized by a high contrast in V P /V S and relatively low contrast in Poisson's ratio. Gas-sand reflections are characterized by low contrast in V P /V S and high contrast in Poisson's ratio. Figure 14 shows the P-wave reflection coefficient as a function of angle of incidence for a typical gas sand and two SWF reflections (SWF 1 and SWF 2). All these reflections coefficients were computed using the exact reflection coefficient formula, given in Aki and Richards (1980) . For the gas sand reflection, the P-wave velocity, density, and Poisson's ratio for the overlying shale were assumed to be 2300 m/s, 2.1 g/cm 3 , and 0.35 and those for gas sand were assumed to be 2250 m/s, 2.05 g/cm 3 , and 0.10, respectively. For the SWF reflection, a P-wave velocity of 1550 m/s, density of 1.85 g/cm 3 , and Poisson's ratio of 0.48 were used for the SWF layer. In SWF 1, the surrounding shale/mudstone was assumed to have a P-wave velocity of 1600 m/s, density 1.9 g/cm 3 and Poisson's ratio of 0.44. In SWF 2, in contrast, Pwave velocity and density were kept the same while the Poisson's ratio was changed to 0.38.
For the gas sand reflection, the Poisson's ratio contrast is 0.25 while the contrast in V P /V S is 0.5. For the SWF 1 reflection, the Poisson's ratio contrast is 0.04 and the V P /V S contrast is 4. Finally, for the SWF 2 reflection, the Poisson's ratio and V P /V S contrasts are 0.1 and 4.5, respectively. Reflection 678 THE LEADING EDGE JULY 2002 coefficient plots of Figure 14 clearly show that Poisson's ratio, not V P /V S , controls the behavior of the P-wave reflection amplitudes as functions of angle of incidence. For the gassand reflection, although V P /V S contrast is low, the Poisson's ratio contrast is high. This high contrast in Poisson's ratio causes the difference in P-wave reflection coefficient between small and large angles of incidence to be so big that it is clearly visible on real seismic data. This is the primary reason for the success of AVO and other prestack methods such as prestack waveform inversion in detecting gas sands from seismic data. For the SWF reflections, V P /V S contrast is large but Poisson's ratio contrast is not so large. If the range of angles available in prestack data are 0-40°, gas-sand reflection amplitudes change from -0.03 to -0.16, SWF 1 amplitudes change from -0.03 to 0.04, and SWF 2 amplitudes change from -0.03 to 0.13. A reflection behavior such as SWF 1 is likely to be hidden below the noise level, and therefore be quite difficult to detect from prestack seismic data. In order to detect SWF reflections, AVO behavior must at least be similar to the SWF 2 reflection. By computing reflection coefficients for a variety of SWF models, we found that to achieve an AVO behavior close to a SWF 2 reflection, a Poisson's ratio contrast of 0.07 or more is required.
Poisson's ratio of the SWF layer itself is expected to be close to, but less than, that of water (0.5). Therefore, if Poisson's ratio of the SWF layer is 0.45-0.49, detecting an SWF layer from seismic reflection measurements would require that Poisson's ratio of the surrounding shale/mudstone formation must lie between 0.38 and 0.42, or below. If the Poisson's ratio of the shale/mudstone formation is above this range, the AVO behavior of SWF will be too weak to be detected. Now coming back to the real data example at Ursa: Figure 15 shows the V P /V S plot of Figure 9 and the corresponding Poisson's ratio, computed from this V P /V S . The uncertainties or the error bounds in the estimates of these quantities that were obtained from prestack inversion are also shown. Notice that in this example, three identified SWF layers are surrounded by layers with Poisson's ratio values between 0.35 and 0.41. As discussed previously, for SWF layers where the Poisson's ratios of the surrounding shale/mudstone lie between 0.38 and 0.42 or below, it is possible to detect SWF layers successfully from prestack seismic data. Consequently, the SWF layers were successfully identified from prestack inversion. In addition, notice that the error bounds in the estimates of the Poisson's ratio or the V P /V S for the SWF layers lie outside the range of the error bounds in the estimates of these quantities for surrounding formations. This further indicates that V P /V S in this example are estimated with reasonable accuracy. Figure 16 shows Poisson's ratio and V P /V S from prestack inversion of another data example. This example shows a multitude of spikes with high V P /V S values. Also notice that the background Poisson's ratio for the formations surrounding these high V P /V S formations lie between 0.45 and 0.46. According to the discussions above, the AVO behavior of prestack seismic data may not be strong enough to detect SWF layers in this case. Therefore, although Figure  16 shows layers with V P /V S values higher than the ones in Figure 15 , they may not necessarily be associated with SWF layers. In addition, note that the error bounds in the high V P /V S zones in this example overlap those for the surrounding formations, indicating that the estimates of V P /V S values are questionable and they should be treated with caution.
In conclusion, success in the identification of SWF layers from prestack inversion depends largely on the elastic properties of the formations that surround these SWF layers. When these formations are consolidated with Poisson's 
